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Abstract: Foamy virus (FV) vectors have shown great promise for hematopoietic stem cell 
(HSC) gene therapy. Their ability to efficiently deliver transgenes to multi-lineage 
long-term repopulating cells in large animal models suggests they will be effective for 
several human hematopoietic diseases. Here, we review FV vector studies in large animal 
models, including the use of FV vectors with the mutant 0 6 -methylguanine-DNA 
methyltransferase, MGMTP140K to increase the number of genetically modified cells after 
transplantation. In these studies, FV vectors have mediated efficient gene transfer to 
polyclonal repopulating cells using short ex vivo transduction protocols designed to 
minimize the negative effects of ex vivo culture on stem cell engraftment. In this regard, 
FV vectors appear superior to gammaretroviral vectors, which require longer ex vivo 
culture to effect efficient transduction. FV vectors have also compared favorably with 
lentiviral vectors when directly compared in the dog model. FV vectors have corrected 
leukocyte adhesion deficiency and pyruvate kinase deficiency in the dog large animal 
model. FV vectors also appear safer than gammaretroviral vectors based on a reduced 
frequency of integrants near promoters and also near proto -oncogenes in canine 
repopulating cells. Together, these studies suggest that FV vectors should be highly 



Viruses 2012, 4 



3573 



effective for several human hematopoietic diseases, including those that will require 
relatively high percentages of gene-modified cells to achieve clinical benefit. 

Keywords: foamy virus vectors; gene therapy; hematopoietic stem cells; animal models 



1. Introduction 

Foamy viruses (FVs) have several desirable properties that have led to their development as vectors 
for hematopoietic stem cell (HSC) gene therapy. These include a large transgene capacity [1], lack of 
pathogenicity of the parent virus [2] and a broad tropism [3]. Although FV vectors require mitosis for 
transduction, they are able to form a stable transduction intermediate in serum- starved cells that are 
later stimulated to divide [4]. This property likely explains why FV vectors have shown great promise 
for HSC gene therapy, where the target is a quiescent cell that must progress through the cell cycle 
following infusion in order to self renew and repopulate a recipient. The requirement of FV vectors for 
mitosis also explains why FV vectors have not been extensively evaluated for gene delivery to 
post-mitotic tissues, such as muscle. Thus, here we will focus on studies where FV vectors have been 
evaluated for HSC gene therapy in large animal models using vectors derived from the so-called 
"human foamy virus", which is now considered to be a chimpanzee virus isolated from human cells, 
SFVcpz(hu). This isolate is now called prototypic foamy virus, PFV. 

Studies in mouse models paved the way for these large animal studies [5-8], and mouse models 
continue to be useful to improve and test novel FV vectors for HSC gene therapy [9,10]. 
However, there are several limitations of mouse models that necessitate the use of large animals [11]. 
These limitations include differences between mouse and human stem cell kinetics, the inability to 
assess long-term repopulation and an inability of mouse models to accurately predict HSC gene 
transfer efficiency in patients. For example, a human produces a similar number of red blood cells in 
one day to what a mouse produces over a two-year life span [12]. Thus, large animal studies can 
provide critical preclinical data to advance HSC gene therapy studies into the clinic. Here, we review 
progress in the canine and non-human primate models for FV HSC gene therapy. 

2. Advantages of Large Animal Models for HSC Gene Therapy 

There are several advantages of large animal models for HSC gene therapy [11,13]. A critical 
consideration for efficient transduction with FV vectors is the cell cycle status [4,14], and this is better 
modeled in large animals. It has been estimated that approximately 75% of mouse HSCs are outside 
Go [15], and that mouse HSCs divide every 2.5 weeks [16]. In contrast, studies in baboons and 
macaques suggest that HSCs divide approximately every 36 weeks, more similar to human HSCs, 
which are estimated to divide every 45 weeks [17,18]. Additionally, in many mouse studies, donor 
mice are treated with 5-fluorouracil to increase cell cycling in target cells. This approach will not likely 
be used in a clinical setting, due to a loss of repopulation potential observed when cells are stimulated 
into cell cycle [19-21]. Increasing cycling increases the efficiency of retroviral transduction and can 
result in mouse models overestimating the efficiency of gene transfer that can be obtained in the clinic. 
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An important aspect of HSC gene therapy is the use of conditioning regimens to prepare recipients 
for gene-modified HSCs. Conditioning regimens are designed to enhance the engraftment of gene 
modified cells and for many hematopoietic diseases, even those where corrected cells have a selective 
advantage, conditioning of recipients prior to infusion of gene-modified cells will be essential. 
Extensive experimentation with conditioning regimens has shown that dog models are more predictive 
than mouse models [22,23]. For example, in immunodeficient mice, even nonmyeloablative 
conditioning allows robust engraftment of xenogeneic cells. 

A critical goal of large animal models for HSC gene therapy is assessing safety. In the French 
SCID-X1 clinical HSC gene therapy trial using gammaretroviruses, several patients developed 
leukemia related to vector integration. The term genotoxicity has been used to describe the unwanted 
side-effect of an integrated vector provirus altering host gene expression. Vector-mediated 
genotoxicity can occur via several mechanisms, including activation of nearby host genes by enhancers 
with the provirus (reviewed in [24]). Genotoxicity studies in large animal models are expected to better 
predict outcomes in patients in part due to the closer stem cell kinetics. Also, integration site data in 
long-term repopulating cells is not possible in short-lived rodents. Supporting the above, gene therapy 
studies in large animals have been critical to advance HSC gene therapy and, unlike mouse models, 
have predicted efficacy in clinical trials for gammaretroviral and lentiviral vectors. 

3. Canine Studies of FV HSC Gene Therapy 

3.1. Efficient Multi-Lineage Gene Transfer Using FV Vectors 

The dog model has several advantages, including the fact that dogs can be easily cared for and are 
less expensive to purchase and maintain than nonhuman primates. The target cell for HSC gene 
therapy in humans is currently CD34-enriched cells, and both human and dog CD34 + cells have similar 
characteristics in vitro and also in vivo [25]. The first large animal study evaluating FV vectors was 
performed in the dog model using an advanced replication-incompetent FV vector [26]. This vector 
expressed a green fluorescent protein from a phosphoglycerate kinase promoter (PGK) to enable 
accurate and convenient evaluation of gene marking in myeloid and lymphoid lineages by flow 
cytometry. In this study, stable multi-lineage marking was observed in two transplanted dogs with 
approximately 15% of peripheral blood granulocytes and lymphocytes expressing enhanced green 
fluorescent protein (EGFP) long-term [26]. In this study, preliminary data from in vitro colony forming 
unit (CFU) assays indicated that FV vectors could efficiently transduce canine CD34-enriched cells 
using a short ex vivo culture. The ability of FV vectors to efficiently transduce canine CD34 + cells 
using a short transduction protocol is an important advantage, since it avoids the deleterious effects of 
ex vivo culture on stem cell engraftment [19,20]. Promising results in preliminary CFU assays were 
borne out in vivo. Canine CD34-enriched cells exposed to FV vectors ex vivo using an 18-hour 
transduction protocol resulted in efficient marking and, also, rapid engraftment. Gammaretroviral 
vectors require a longer ex vivo stimulation for efficient transduction of canine CD34 + cells [27,28], 
presumably to allow for stimulation of target cells into the cell cycle. Although FV vectors require 
mitosis for transduction, a direct comparison of the stability of FV and gammaretroviral vectors in 
quiescent cells shows that FV vectors are more stable and that FV vectors remain viable in Go cells 
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until these cells are stimulated to divide [4]. Thus, one of the advantages of FV vectors for HSC gene 
therapy appears to be the stability of a transduction intermediate in quiescent HSCs that are stimulated 
to divide after infusion [4,29]. This may explain why minimizing ex vivo culture by using a short ex 
vivo exposure to vector preparations is sufficient for efficient gene transfer. Another observation from 
this study was that long-term marking was stable, unlike marking with gammaretro viral vectors, which 
in previous studies was observed to decline over time, indicating less efficient transduction of cells 
with long-term repopulating ability [27,28]. 

FV vectors efficiently deliver transgenes to all blood lineages examined in the above study, 
including peripheral blood granulocytes, T lymphocytes, monocytes and bone-marrow-derived CD34 + 
cells. Gene expression was also observed in erythrocytes and platelets. Linear amplification-mediated- 
polymerase chain reaction (LAM-PCR) was performed on canine DNA isolated from peripheral blood 
leukocytes and indicated that all canines were reconstituted with polyclonal populations of 
hematopoietic repopulating cells. Sequence analysis of individual LAM-PCR products identified 
individual provirus integration sites, which can be used to identify individual repopulating clones. For 
two of these clones, quantitative PCR showed that they were present in both highly-purified myeloid 
and lymphoid peripheral blood cells, strongly suggesting FV-mediated transduction of a multipotent 
repopulating cell with both lymphoid and myeloid potential. Similar transgene expression levels in 
primitive bone marrow-derived cells and in mature peripheral blood cells suggest that FV transduction 
had no deleterious effect on HSC differentiation. This study paved the way for evaluating FV vectors 
for therapeutic gene transfer, including studies for canine leukocyte adhesion deficiency (CLAD) [30], 
and also studies exploring FV vectors for pyruvate kinase (PK) deficiency [31] described below 
(Sections 3.3, 3.4). The above dogs were used to perform the first comparison of genotoxicity for 
gammaretroviral, FV and lentiviral vectors in a large animal model, which showed that FV vectors 
may be safer than gamma or lentiviral vectors [32]. Details of these studies are described below 
(Section 3.5). 

3.2. Comparison of FV Vectors to Lentiviral Vectors 

In the above study, the genetic marking with FV vectors compared favorably to a similar study 
using lentiviral vectors with a similar short ex vivo protocol; however, the lentiviral vectors were used 
at a much higher multiplicity of infection (MOI). To better compare FV and HIV-based lentiviral 
vectors, these two vector systems were directly compared in dogs using a competitive repopulation 
approach [33,34], Figure 1. In this approach, the CD34 + target cells are divided into two equal aliquots, 
and each of these experimental arms is transduced with either a FV or lentiviral vector. Infusion of 
both experimental arms into the same animal allows a direct comparison of engraftment of 
gene-modified cells in the same animal, thereby eliminating inter-animal variability. A competitive 
repopulation experiment performed with an EGFP-expressing FV vector and an enhanced yellow 
fluorescent protein (EYFP) -expressing HIV-based lentiviral vector in two dogs using a low MOI of 5 
for both vector systems resulted in very similar long-term (>700 days) marking [35]. For both vectors, 
an internal PGK promoter was used to express EGFP or EYFP. Multi- lineage marking was observed in 
both dogs with both vector types. Long-term marking for both FV and lenti vectors in the two dogs 
was approximately 5% and 2%, respectively, in peripheral blood lymphocytes and granulocytes. 
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Because each dog received two experimental arms, the total expected marking for the FV and the 
lentiviral vector experimental arms if just one arm were performed can be estimated approximately at 
10% in dog G380 (2 x 5%) and 4% in dog G480 (2 x 2%). Thus, despite the fact that FV vectors 
require mitosis and lentiviral vectors do not, FV vectors transduce dog long-term repopulating cells at 
similar frequency to lentiviral vectors. This may be due to the fact that both FV and lentiviral vectors 
transduce quiescent Go cells that are later stimulated to divide at similar frequency [4]. Also, lentiviral 
vectors transduce actively dividing cells more efficiently than quiescent Go cells. 

Figure 1. Competitive repopulation assay of FV and lentiviral vectors in the dog. 

(a) The ex vivo transduction is divided into two experimental arms with equivalent 
numbers of CD34 + cells. A FV vector expressing EGFP is used for one experimental arm, 
and a lentiviral vector expressing EYFP is used for the other experimental arm. By directly 
comparing these vector types in the same dog, inter-animal variability is ehminated, and 
gene transfer can be evaluated using a small number of animals. The percentage of EGFP 
and EYFP expressing leukocytes detected by flow cytometry are shown for two dogs G380 

(b) and G480 (c) at different times after transplantation. Panels (b) and (c) are reproduced 
from [35]. 
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3.3. FV Correction of Canine Leukocyte Adhesion Deficiency (CLAD) 

The above studies set the stage for using FV vectors to cure a disease via HSC gene therapy in a 
large animal model. Previous studies had shown that CLAD, a severe genetic immune deficiency that 
results in recurrent life-threatening bacterial infections, could be corrected using HSC gene therapy 
with gammaretro viral vectors [36]. CLAD is an autosomal recessive diseases that results from a single 
point mutation in the CD 18 leukocyte integrin subunit, which prevents surface expression of the 
CD11-CD18 leukocyte integrin complex. The disease models leukocyte adhesion deficiency-1 (LAD1) 
in humans in which patients suffer recurrent, life threatening bacterial infections due to an inability of 
their neutrophils to adhere to blood vessel walls and extravasate into tissues at the sites of infection. 
A FV vector expressing canine CD 18 from an internal murine stem cell virus promoter was used to 
transduce CLAD dog CD34 + bone marrow cells. Five dogs were treated with FV-transduced 
autologous CD34 cells, but one dog died from a transplantation-related intussusception, unrelated to 
FV vector use. Long-term gene transfer to myeloid and lymphoid cells was achieved in all four 
surviving dogs with no evidence for transgene silencing. These four dogs all had reversal of the CLAD 
phenotype that persisted long-term (>2 years). In this study, 5-10% of peripheral blood leukocytes 
were transduced and 3-7% of bone marrow cells were transduced. The use of the strong murine stem 
cell virus promoter in this study was of concern due to the possibility it may activate neighboring host 
genes. A later study was also performed using the housekeeping PGK promoter, which is expected to 
have a lower propensity to activate nearby host genes [37]. However, this study failed to show 
efficacy. Two of the dogs never achieved more than 1% CD18 + cells. Higher gene marking rates were 
measured by qPCR, and the authors suggested the low transgene expression in vivo might be due to 
inadequate expression for flow cytometry analysis or silencing of the CD 18 transgene. It is unclear 
why the PGK promoter failed in this study, but it highlights the fact that FV vector design and vector 
components can be critically important to the outcome of preclinical studies and likely, also, clinical 
trials. 

3.4. Correction of Canine Pyruvate Kinase (PK) Deficiency 

For many immune deficiencies, relatively low gene transfer efficiency is all that is required to 
correct the disease phenotype. In the above CLAD study, gene marking of less than 10% was able to 
result in a corrected phenotype. For HSC gene therapy clinical studies of severe combined 
immunodeficiency SCID-X1, even lower gene marking is sufficient for therapeutic efficacy due to the 
strong selective advantage mediated by the corrective transgene (yC) [38]. However, for many other 
hematopoietic diseases, such as thalassemias, more efficient gene transfer will be required. For 
example, it has been estimated that at least 20% of erythroid precursors would need to be gene- 
modified to provide significant therapeutic benefit to patients with severe beta thalassemia [39]. 

PK deficiency in Basenji dogs is associated with severe, chronic hemolytic anemia [40,41]. 
PK-deficient dogs have residual erythrocyte PK activity mediated by expression of the M2-type PK 
isoenzyme. The M2 isoenzyme is normally present in all tissues during fetal life and remains the major 
isoenzyme in erythroid precursors. PK deficient dogs lack the normal R-type isoenzyme, which begins 
to appear in normal erythrocytes as erythroid maturation proceeds. The expression of the 
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M2-type isoenzyme is thought to be a compensatory change for R-type PK deficiency, but it does not 
prevent hemolysis in vivo. PK deficient dogs have shortened lifespans due to progressive 
myelofibrosis, osteosclerosis and liver cirrhosis. Allogeneic transplantation studies in the dog suggest 
that curing PK deficiency will require relatively high, approximately 20%, marking in long-term 
repopulating cells [40,42,43]. As such, the Basenji dog is a particularly good model for several 
erythroid diseases, since high levels of marking will likely be required to observe clinical 
improvement, and unlike severe combined immunodeficient (SCID) models, gene-modified cells 
should not have a significant selective advantage. 

We used the PK-deficient dog model to explore the use of FV vectors that allow for in vivo 
selection to treat hematopoietic diseases, such as PK deficiency and severe thalassemia, that will 
require relatively high levels of marking [31]. A FV vector containing a P140K 0 6 -methylguanine- 
DNA methyltransferase (MGMTP140K) resistance gene, in addition to the therapeutic canine PK-R 
transgene, was constructed in order to increase the percentage of cells after transplantation [31]. 
MGMTP140K confers resistance to methylating agents, such as temozolomide, as well as to 
nitrosoureas, such as BCNU, and allows efficient selection of long-term repopulating HSCs [44]. 
The MGMT protein is expressed in normal tissues, so in order to enhance selection, 0 6 -benzylguanine 
(06BG) is used to inactivate endogenous MGMT. Mutant MGMT genes that confer resistance to 
06BG are delivered to HSCs so that alkylating agents, such as BCNU, or temozolomide, used in 
conjunction with 06BG, allow for efficient selection of transduced HSCs. A FV vector with 
MGMTP140K was designed to allow for in vivo selection post-transplantation to increase the 
percentage of cells into a therapeutic range. This tri-cistronic FV vector with canine PK-R 
and MGMTP140K also expressed EGFP to allow for accurate monitoring of gene marking and 
selection in vivo. 

A PK-deficient dog was treated with this tri-cistronic FV vector at an MOI of approximately 10, 
resulting in marking that initially stabilized at approximately 3.5% in peripheral blood granulocytes 
and 0.4% peripheral blood lymphocytes early (100 days) after transplantation. Three treatments of 
06BG and BCNU (06BG 5 mg/kg and BCNU 0.2, 0.3, and 0.4 mg/kg) were administered to select for 
MGMTP140K-expressing cells that also express the therapeutic PK transgene. Following these three 
treatments, marking increased to approximately 33% in granulocytes and 5.5% in lymphocytes. Prior 
to HSC gene therapy and prior to the third 06BG and BCNU treatment, the dog had required whole 
blood cell transfusions to treat anemia, as indicated by a drop in the hematocrit to below 20%. 
However, after the third treatment, the hematocrit stabilized at approximately 25%, resulting in the 
animal becoming transfusion-independent. There was also an associated decrease in nucleated red 
blood cells consistent with correction of the PK deficient phenotype. Serum levels of lactate 
dehydrogenase were normal, indicating a reduction of red blood cell lysis, further confirming 
therapeutic benefit. In depth gene-modified clonal analysis is ongoing to assess genotoxicity, but the 
stability of gene marking and absence of clinical indicators of transformation suggest a relatively safe 
approach. Thus, after FV vector-mediated in vivo selection, the PK deficiency was cured. This study 
suggests that FV vectors that also express MGMTP140K may be useful not only for PK deficiency, but 
for other severe erythroid diseases, such as hemoglobinopathies, that require a high percentage of 
corrected cells to attain clinical benefit. 
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3.5. Evaluation of FV Genotoxicity in the Dog Large Animal Model 

FV vectors appear to be relatively safe based on in vitro studies showing they integrate near proto- 
oncogenes less frequently than gammaretroviruses and lentiviruses [45] and, also, the fact that they are 
less likely to transactivate nearby genes than gammaretroviruses or lentiviruses [46]. However, in vitro 
studies are limited in that the effects of genotoxicity on repopulating hematopoietic cells cannot be 
assessed. By evaluating FV vector integration sites in long-term repopulating cells in large animal 
models and monitoring potential clonal expansion or progression to leukemia, we can better 
understand the safety of vectors proposed for clinical trials. A comparison of FV, lentiviral and 
gammaretroviral vector insertion sites in dog long-term repopulating cells showed that FV vectors 
were found less frequently within proto-oncogenes than either lentiviral vectors or 
gammaretroviruses [32]. In this study, all dogs were repopulated with multiple clones of retroviral 
gene-modified cells with no evidence of progression to monoclonality. Gammaretroviruses were 
frequently found very close (<2.5 kbp) to the start site of genes. This study suggested that FV vectors 
may have a lower genotoxic risk than gammaretroviral vectors. 

It is important to note that this study was performed in a genetic background in which there is no 
expected exogenous selection pressure for gene-modified repopulating cells. To best understand 
genotoxicity in any given specific disease setting, the relative genotoxicity of different vector types 
and vector designs should ideally be tested in animal models that recapitulate the disease phenotype. 
For example, the relative genotoxicity of FV and gammaretroviral vectors for SCID-X1 gene therapy 
would be best assessed in SCID-X1 animal models where the therapeutic transgene (yC) is known to 
provide a selective advantage to gene-modified cells. In a SCID-X1 background, any potential 
genotoxic effects specific to the SCID-X1 disease setting, including yC-mediated expansion of gene- 
modified cells, can then be modeled. It is interesting to note that in the SCID-adenosine deaminase 
(ADA) deficiency background to date, no severe adverse events related to insertional mutagenesis 
have occurred, although there have been reports of integrants near proto-oncogenes in all three trials. 

An analysis of FV integration sites was performed in the CLAD study discussed above. In this 
study, there were no adverse events, and dogs contained a polyclonal population of gene-modified 
repopulating cells [30] . The frequency of FV integrants within or near oncogenes was compared to a 
previous study where a gammaretroviral vector was used to treat CLAD dogs. FV vector proviruses 
were observed within or near proto-oncogenes less frequently than gammaretrovirus vector proviruses 
in the CLAD disease setting. An analysis of over-represented gene classes near FV vector integrants 
suggested no clear in vivo selection for clones in which the provirus had activated nearby genes. 
A long-term follow up study that tracked 11 specific FV integrants showed continued polyclonal 
repopulation with no evidence for clonal expansion [47] . 

In summary, in vivo genotoxicity studies show that transduction of HSCs with FV vectors can lead 
to long-term polyclonal expansion of repopulating cells with as yet no adverse events. While FV 
vectors do integrate within and near proto-oncogenes in repopulating cells, they do so less frequently 
than gammaretroviral vectors. Additionally, there has been no evidence for clonal expansion. 
Long-term follow up of these animals and additional studies in other disease- specific models, such as 
SCID-X1, will be invaluable to assess the safety of FV vectors proposed for clinical studies. 
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4. Nonhuman Primate Studies of FV Vector HSC Gene Therapy 

4.1. Challenges Using Nonhuman Primate Models for FV HSC Gene Therapy 

Nonhuman primates are our closest relatives and have some advantages over canine models for 
HSC gene therapy, including the ability to study diseases such as AIDS [48], which cannot be modeled 
in dogs. However, wild-type simian foamy virus (SFV) infection is endemic in captive primate species, 
which complicates the use of nonhuman primates for preclinical FV HSC gene therapy studies. 
The presence of wild-type SFV in these animals poses a risk of recombination between wild-type SFV 
and FV vectors. This also means that infected primates may have circulating serum antibodies to SFV. 
This is a concern, since these antibodies may cross-react with FV vector proteins that may be present 
on infused cells after ex vivo exposure to concentrated FV vector preparations. It is unclear what effect 
this would have on the efficiency of engraftment of gene-modified cells, but clearly SFV-negative 
animals are desirable to avoid these potential complications. In our (GDT and HPK) studies with 
pigtailed macaques (Macaca nemestrina), we have developed a simple, but powerful, serum 
neutralization method to evaluate the relative ability of serum from different macaques to inactivate 
FV vectors in vitro. In this approach, serum from different macaques is pre-incubated with FV EGFP 
vector preparations for 30 minutes. The serum-exposed vector is then added to cells, and the remaining 
viable FV vectors transduce these cells and can be detected by EGFP expression. Using this method, 
we have observed significant differences in serum neutralization between macaques, Figure 2A. 
We have also employed a previously described PCR screen for FV pol DNA [49] in peripheral blood 
to identify SFV-infected animals, Figure 2B. We have thus chosen monkeys for transplantation that 
have an undetectable level of pol DNA in peripheral blood by PCR and also have a low level of 
neutralization of FV vectors using this serum screen. While we cannot say with certainty that these 
monkeys are SFV-negative, we believe this screening approach is a useful method to identify monkeys 
suitable for transplantation. Both techniques are straightforward, can be rapidly performed and do not 
require any specialized reagents other than FV vector preparations. 
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Figure 2. Identification of suitable macaques for transplantation (a) Analysis of serum 
neutralization. Heat-inactivated and non- heat- inactivated serum from four macaque 
transplant candidates was incubated with 5 x 10 4 transducing units of an EGFP foamy 
vector preparation and titered on HT1080 fibrosarcoma cells. The percent reduction in titer 
of vector incubated with non-heat-inactivated serum relative to vector incubated with 
heat- inactivated serum is shown, (b) Nested PCR screen of macaque peripheral blood for 
foamy pol. 200 ng of peripheral blood DNA from the four macaque transplant candidates 
was used to amplify foamy pol in a nested PCR reaction. The 465 bp product indicated by 
an arrow demonstrates the presence of foamy proviral/genomic DNA. 




4.2. FV Gene Therapy in the Pigtailed Macaque 

We performed a transplant in a pigtailed macaque screened using these procedures with a FV vector 
that expressed MGMTP140K and EGFP (Figure 3). In this experiment, the marking was relatively 
low, but after a series of treatments with 06BG and BCNU, we were able to increase the percentage of 
EGFP-expressing granulocytes transiently to over 30%. Unfortunately, this animal died due to 
transplant-related causes, and we were not able to evaluate marking long-term. However, we did 
observe stabilization of marking in granulocytes at above 10% (Figure 3). In this monkey, we dose- 
escalated BCNU concentrations in order to establish dosing, thus we required several treatments to 
observe efficient selection in vivo. We have since established our dosing protocol for 06BG and 
BCNU in the macaque model, and in future monkeys, we should be able to establish efficient selection 
with fewer treatments as we have done for lentiviral vectors [50,51] and for FV vectors in the dog 
model. Clearly, additional FV studies are needed in the macaque model, but this experiment suggests 
that pigtailed macaques should be an excellent model to evaluate FV vectors and may be particularly 
useful for AIDS gene therapy studies [10,50]. 
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Figure 3. FV vector marking and in vivo selection with MGMTP140K in a pigtailed 
macaque. A pigtailed macaque was conditioned with 800 cGy total body irradiation, and 
1.7 x 10 CD34-enriched cells exposed to a FV vector at an MOI of 0.2 were infused. 
The FV vector expresses EGFP and MGMTP140K to allow for convenient tracking and in 
vivo selection. The percentage of EGFP-expressing granulocytes and lymphocytes in 
peripheral blood is shown. 
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4.3. Progress in the Marmoset Model 

The common marmoset Callithrix jacchus serves as a very useful nonhuman primate model, 
because of its small size, unproblematic breeding and long life span [52]. It is thus a relatively 
inexpensive nonhuman primate model. Recently, marmosets have received increased interest, since 
they are the only nonhuman primates for which transgenic animals with germline transmission have 
been generated [53]. Marmosets are commonly infected with FVs, however, since only little data 
existed on the transduction efficiency of FV vectors for the transduction of marmoset stem cells, we 
(PAH) performed a direct comparison of marmoset CD34 + hematopoietic progenitor cell transduction 
efficiency using identically designed gammaretroviral, lentiviral and FV vector constructs expressing 
EGFP from the spleen focus forming virus (SFFV) promoter. FV vectors were pseudotyped with a 
modified prototype foamy virus (PFV) envelope [54] or with the G-protein of vesicular stomatitis virus 
(VSV-G), while the gammaretroviral and lentiviral vectors were pseudotyped with VSV-G. 
We transduced previously cryopreserved CD34-enriched cells from the bone marrow of a common 
marmoset either after a two day prestimulation in the presence of interleukin-6 (IL-6), Fms-related 
tyrosine kinase 3 ligand (FLT3L), stem cell factor (SCF) and thrombopoietin (TPO) at a concentration 
of 100 ng/mL each or after overnight incubation with 100 ng/mL SCF only. Equal numbers of cells 
were exposed for 16 hours on fibronectin fragment (CH-296, also called Retro Nectin)-coated dishes. 
CH-296 enhances FV transduction of CD34 + cells and also inhibits apoptosis during ex vivo 
culture [7,55,56]. The read-out was based on fluorescence microscopy of colonies plated in methyl 
cellulose, as well as flow cytometry. FV vectors with the FV envelope was the most efficient gene 
transfer tool for marmoset hematopoietic CD34 + cells with stable transduction rates of over 80% as 
assessed by flow cytometry at both three or eight days after vector exposure and, on average, 88% 
transduction efficiency into colony forming unit cells (CFU-C). Transduction of CFU-C with the other 
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vectors was always below 60%. In conclusion, we achieved highly efficient gene transfer into common 
marmoset hematopoietic CD34 + cells using FV vectors. These results suggested that FV vectors may 
be highly feasible vectors for stem cell gene transfer in the marmoset and, thus, set the stage for a more 
detailed analysis of this vector system in transplantation studies also in this nonhuman primate 
model [57] . 

Subsequently, three marmosets were successfully transplanted with autologous FV transduced 
HSCs. Animals were treated with PEGylated G-CSF five days before bone marrow was collected from 
the femur of anesthetized marmosets. After density centrifugation, CD34 + cells were enriched by 
magnetic separation using the recently cloned monoclonal mouse anti-marmoset CD34-antibody 
MA24. The FV vector construct (MH71.MGMT) used expressed EGFP and MGMTP140K, separated 
by an internal ribosome entry site. The genes were expressed from the SFFV promoter. Vectors were 
pseudotyped with a modified prototype foamy virus envelope. CD34-enriched cells were transduced at 
an MOI of approximately 10 in the presence of IL-6, FLT3L, SCF and TPO overnight. 

All three animals were transplanted with approximately 4 x 10 5 CD34 + cells per kg body weight 
after administration of a mild nonmyeloablative conditioning of 1-2 mg/kg busulfan 24 hours prior to 
transplantation. Hematopoietic recovery was without any complications. Within less than three weeks 
after transplantation, EGFP positive granulocytes were detectable by flow cytometry. EGFP was 
detectable for at least one year in all animals. However, marking soon had dropped to levels below the 
detection limit for flow cytometry, and EGFP could only be detected by PCR at time points later than 
one month after transplantation. Most likely, this was due to the lack of sufficient conditioning to 
allow for high level engraftment of transplanted cells. Still, the detection of low level marking at time 
points later than one year demonstrates transduction of long-term repopulating stem cells by FV 
vectors also in this non-human primate model. 

5. Conclusions 

FV vectors are able to efficiently deliver genes to large animal HSCs, resulting in long-term multi- 
lineage repopulation, the most stringent criteria for HSC gene transfer, short of clinical trials. Large 
animal studies in conjunction with studies showing efficient transduction of human HSCs in 
immunodeficient mouse models have set the stage for clinical trials with FV vectors. FV vectors have 
significant advantages over gammaretroviral vectors and also compare favorably with lentiviral vectors 
based on competitive repopulation experiments in the dog model. Ongoing and future studies in the 
canine and nonhuman primate models will be important to address the efficacy and genotoxicity of FV 
vectors in disease- specific settings. Large animal models will also be useful to rigorously test 
improved vector designs, such as the incorporation of insulator elements and, also, lineage- specific 
promoters to restrict gene expression to the cellular target of interest. 

Acknowledgments 

The authors would like to thank the staff at the canine facilities of the Fred Hutchinson Cancer 
Research Center and the staff of the Primate Center of the University of Washington. We also thank 
Robert Wu and Christina Ironside for expert technical assistance. This work was supported in part by 
Grant numbers AI097100, DK077806, HL53750, AI061839, AI063959 and DK56465 from the 



Viruses 2012, 4 



3584 



National Institutes of Health, Bethesda, MD. This work was also supported in part by a grant number 
01GU819 (FoneFA) from the German Federal Ministry of Education and Research (BMBF) to PAH. 
HPK is a Markey Molecular Medicine Investigator and the Jose' Carreras/E Donnall Thomas Endowed 
Chair for Cancer Research. 

Conflict of Interest 

The authors declare no conflict of interest. 
References and Notes 

1. Trobridge, G.; Josephson, N.; Vassilopoulos, G.; Mac, J.; Russell, D.W. Improved foamy virus 
vectors with minimal viral sequences. Mol. Ther. 2002, 6, 321-328. 

2. Linial, M. Why aren't foamy viruses pathogenic? Trends Microbiol. 2000, 8, 284-289. 

3. Hill, C.L.; Bieniasz, P.D.; McClure, M.O. Properties of human foamy virus relevant to its 
development as a vector for gene therapy. J. Gen. Virol. 1999, 80, 2003-2009. 

4. Trobridge, G.; Russell, D.W. Cell cycle requirements for transduction by foamy virus vectors 
compared to those of oncovirus and lentivirus vectors. J. Virol. 2004, 78, 2327-2335. 

5. Josephson, N.C.; Trobridge, G.; Russell, D.W. Transduction of long-term and mobilized 
peripheral blood-derived NOD/SCID repopulating cells by foamy virus vectors. Hum. Gene Ther. 
2004, 15, 87-92. 

6. Josephson, N.C.; Vassilopoulos, G.; Trobridge, G.D.; Priestley, G.V.; Wood, B.L.; 
Papayannopoulou, T.; Russell, D.W. Transduction of human NOD/SCID -repopulating cells with 
both lymphoid and myeloid potential by foamy virus vectors. Proc. Natl. Acad. Sci. USA 2002, 
99, 8295-8300. 

7. Vassilopoulos, G.; Trobridge, G.; Josephson, N.C.; Russell, D.W. Gene transfer into murine 
hematopoietic stem cells with helper-free foamy virus vectors. Blood 2001, 98, 604-609. 

8. Leurs, C; Jansen, M.; Pollok, K.E.; Heinkelein, M.; Schmidt, M.; Wissler, M.; Lindemann, D.; 
Von Kalle, C; Rethwilm, A.; Williams, D.A.; Hanenberg, H. Comparison of three retroviral 
vector systems for transduction of nonobese diabetic/severe combined immunodeficiency mice 
repopulating human CD34(+) cord blood cells. Hum. Gene Ther. 2003, 14, 509-519. 

9. Si, Y.; Pulliam, A.C.; Linka, Y.; Ciccone, S.; Leurs, C; Yuan, J.; Eckermann, O.; Fruehauf, S.; 
Mooney, S.; Hanenberg, H.; Clapp, D.W. Overnight transduction with foamyviral vectors 
restores the long-term repopulating activity of Fancc-/- stem cells. Blood 2008, 112, 4458-4465. 

10. Kiem, H.P.; Wu, R.A.; Sun, G.; von Laer, D.; Rossi, J.J.; Trobridge, G.D. Foamy combinatorial 
anti-HIV vectors with MGMTP140K potently inhibit HIV-1 and SHIV replication and mediate 
selection in vivo. Gene Ther. 2010, 17, 37-49. 

11. Trobridge, G.D.; Kiem, H.P. Large animal models of hematopoietic stem cell gene therapy. 
Gene Ther. 2010, 17, 939-948. 

12. Abkowitz, J.L.; Persik, M.T.; Shelton, G.H.; Ott, R.L.; Kiklevich, J.V.; Catlin, S.N.; Guttorp, P. 
Behavior of hematopoietic stem cells in a large animal. Proc. Natl. Acad. Sci. USA 1995, 92, 
2031-2035. 



Viruses 2012, 4 



3585 



13. Horn, P.A.; Morris, J.C.; Neff, T.; Kiem, H.P. Stem cell gene transfer — Efficacy and safety in 
large animal studies. Mol Ther 2004, 10, 417-431. 

14. Patton, G.S.; Erlwein, O.; McClure, M.O. Cell-cycle dependence of foamy virus vectors. 
J. Gen Virol. 2004, 85, 2925-2930. 

15. Cheshier, S.H.; Morrison, S.J.; Liao, X.; Weissman, I.L. In vivo proliferation and cell cycle 
kinetics of long-term self-renewing hematopoietic stem cells. Proc. Natl. Acad. Sci. USA 1999, 
96, 3120-3125. 

16. Abkowitz, J.L.; Golinelli, D.; Harrison, D.E.; Guttorp, P. In vivo kinetics of murine hemopoietic 
stem cells. Blood 2000, 96, 3399-3405. 

17. Shepherd, B.E.; Kiem, H.P.; Lansdorp, P.M.; Dunbar, C.E.; Aubert, G.; LaRochelle, A.; 
Seggewiss, R.; Guttorp, P.; Abkowitz, J.L. Hematopoietic stem-cell behavior in nonhuman 
primates. Blood 2007, 110, 1806-1813. 

18. Shepherd, B.E.; Guttorp, P.; Lansdorp, P.M.; Abkowitz, J.L. Estimating human hematopoietic 
stem cell kinetics using granulocyte telomere lengths. Exp. Hematol. 2004, 32, 1040-1050. 

19. Gothot, A.; van der Loo, J.C.; Clapp, D.W.; Srour, E.F. Cell cycle-related changes in 
repopulating capacity of human mobilized peripheral blood CD34(+) cells in non-obese 
diabetic/severe combined immune-deficient mice. Blood 1998, 92, 2641-2649. 

20. Tisdale, J.F.; Hanazono, Y.; Sellers, S.E.; Agricola, B.A.; Metzger, M.E.; Donahue, R.E.; 
Dunbar, C.E. Ex vivo expansion of genetically marked rhesus peripheral blood progenitor cells 
results in diminished long-term repopulating ability. Blood 1998, 92, 1131-1141. 

21. Young, J.C.; Lin, K.; Travis, M.; Hansteen, G.; Abitorabi, A.; Sirenko, O.; Murray, L.; Hill, B. 
Investigation into an engraftment defect induced by culturing primitive hematopoietic cells with 
cytokines. Cytotherapy 2001, 3, 307-320. 

22. Ladiges, W.C.; Storb, R.; Thomas, E.D. Canine models of bone marrow transplantation. 
Lab. Anim. Sci. 1990, 40, 11-15. 

23. Storb, R.; Weiden, P.L.; Graham, T.C.; Thomas, E.D. Studies of marrow transplantation in dogs. 
Transplant. Proc. 1976, 8, 545-549. 

24. Trobridge, G.D. Genotoxicity of retroviral hematopoietic stem cell gene therapy. Expet. Opin. 
Biol. Ther. 2011, 11, 581-593. 

25. Suter, S.E.; Gouthro, T.A.; McSweeney, PA.; Nash, R.A.; Haskins, M.E.; Felsburg, P.J.; 
Henthorn, P.S. Isolation and characterization of pediatric canine bone marrow CD34+ cells. Vet. 
Immunol. Immunopathol. 2004, 101, 31—47. 

26. Kiem, H.P.; Allen, J.; Trobridge, G.; Olson, E.; Keyser, K; Peterson, L.; Russell, D.W. 
Foamy virus -mediated gene transfer to canine repopulating cells. Blood 2007, 109, 65-70. 

27. Goerner, M.; Bruno, B.; McSweeney, P.A.; Buron, G.; Storb, R.; Kiem, H.P. The use of 
granulocyte colony- stimulating factor during retroviral transduction on fibronectin fragment 
CH-296 enhances gene transfer into hematopoietic repopulating cells in dogs. Blood 1999, 94, 
2287-2292. 

28. Goerner, M.; Horn, P.A.; Peterson, L.; Kurre, P.; Storb, R.; Rasko, J.E.; Kiem, H.P. 
Sustained multilineage gene persistence and expression in dogs transplanted with CD34(+) 
marrow cells transduced by RD114-pseudotype oncoretro virus vectors. Blood 2001, 98, 
2065-2070. 



Viruses 2012, 4 



3586 



29. Lehmann-Che, J.; Renault, N.; Giron, M.L.; Roingeard, P.; Clave, E.; Tobaly-Tapiero, J.; 
Bittoun, P.; Toubert, A.; de The, H.; Saib, A. Centrosomal latency of incoming foamy viruses in 
resting cells. PLoS Pathogens 2007, 3, e74. 

30. Bauer, T.R., Jr.; Allen, J.M.; Hai, M; Tuschong, L.M.; Khan, I.F.; Olson, E.M.; Adler, R.L.; 
Burkholder, T.H.; Gu, Y.C.; Russell, D.W.; Hickstein, D.D. Successful treatment of canine 
leukocyte adhesion deficiency by foamy virus vectors. Nat. Med. 2008, 14, 93-97. 

31. Trobridge, G.D.; Beard, B.C.; Wu, R.A.; Ironside, C; Malik, P.; Kiem, H.P. Stem cell selection 
in vivo using foamy vectors cures canine pyruvate kinase deficiency. PloS One 2012, 7, e45173. 

32. Beard, B.C.; Keyser, K.A.; Trobridge, G.D.; Peterson, L.J.; Miller, D.G.; Jacobs, M.; Kaul, R.; 
Kiem, H.P. Unique integration profiles in a canine model of long-term repopulating cells 
transduced with gammaretrovirus, lentivirus, or foamy virus. Hum. Gene Ther. 2007, 18, 
423-434. 

33. Harrison, D.E. Competitive repopulation: a new assay for long-term stem cell functional capacity. 
Blood 1980, 55, 77-81. 

34. Kiem, H.P.; Heyward, S.; Winkler, A.; Potter, J.; Allen, J.M.; Miller, A.D.; Andrews, R.G. 
Gene transfer into marrow repopulating cells: comparison between amphotropic and gibbon ape 
leukemia virus pseudotyped retroviral vectors in a competitive repopulation assay in baboons. 
Blood 1997, 90, 4638^645. 

35. Trobridge, G.D.; Allen, J.; Peterson, L.; Ironside, C; Russell, D.W.; Kiem, H.P. Foamy and 
lentiviral vectors transduce canine long-term repopulating cells at similar efficiency. Hum. Gene 
Ther. 2009, 20,519-523. 

36. Bauer, T.R., Jr.; Hai, M.; Tuschong, L.M.; Burkholder, T.H.; Gu, Y.C.; Sokolic, R.A.; 
Ferguson, C; Dunbar, C.E.; Hickstein, D.D. Correction of the disease phenotype in canine 
leukocyte adhesion deficiency using ex vivo hematopoietic stem cell gene therapy. Blood 2006, 
108, 3313-3320. 

37. Bauer, T.R., Jr.; Olson, E.M.; Huo, Y.; Tuschong, L.M.; Allen, J.M.; Li, Y.; Burkholder, T.H.; 
Russell, D.W. Treatment of canine leukocyte adhesion deficiency by foamy virus vectors 
expressing CD18 from a PGK promoter. Gene Ther. 2011, 18, 553-559. 

38. Rivat, C; Santilli, G.; Gaspar, H.B.; Thrasher, A.J. Gene therapy for primary 
immunodeficiencies. Hum. Gene Ther. 2012, 23, 668-675. 

39. Persons, D.A.; Allay, E.R.; Sabatino, D.E.; Kelly, P.; Bodine, D.M.; Nienhuis, A.W. Functional 
requirements for phenotypic correction of murine beta-thalassemia: implications for human gene 
therapy. Blood 2001, 97, 3275-3282. 

40. Searcy, G.P.; Miller, D.R.; Tasker, J.B. Congenital hemolytic anemia in the Basenji dog due to 
erythrocyte pyruvate kinase deficiency. Can. J. Comp. Med. 1971, 35, 61-10. 

41. Whitney, KM.; Goodman, S.A.; Bailey, E.M.; Lothrop, CD., Jr. The molecular basis of canine 
pyruvate kinase deficiency. Exp. Hematol. 1994, 22, 866-874. 

42. Weiden, P.L.; Storb, R.; Graham, T.C.; Schroeder, M.L. Severe hereditary haemolytic anaemica 
in dogs treated by marrow trasplantation. Br. J. Haematol. 1976, 33, 357-362. 



Viruses 2012, 4 



3587 



43. Zaucha, J.A.; Yu, C; Lothrop, CD., Jr.; Nash, R.A.; Sale, G.; Georges, G.; Kiem, H.P.; 
Niemeyer, G.P.; Dufresne, M.; Cao, Q.; Storb, R. Severe canine hereditary hemolytic anemia 
treated by nonmyeloablative marrow transplantation. Biol. Blood Marrow Transplant. 2001, 7, 
14-24. 

44. Trobridge, G.; Beard, B.C.; Kiem, H.P. Hematopoietic stem cell transduction and amplification in 
large animal models. Hum. Gene Ther. 2005, 16, 1355-1366. 

45. Trobridge, G.D.; Miller, D.G; Jacobs, M.A.; Allen, J.M.; Kiem, H.P.; Kaul, R.; Russell, D.W. 
Foamy virus vector integration sites in normal human cells. Proc. Natl. Acad. Sci. USA 2006, 
103, 1498-1503. 

46. Hendrie, P.C.; Huo, Y.; Stolitenko, R.B.; Russell, D.W. A rapid and quantitative assay for 
measuring neighboring gene activation by vector pro viruses. Mol. Ther. 2008, 16, 534-540. 

47. Ohmine, K; Li, Y.; Bauer, T.R., Jr.; Hickstein, D.D.; Russell, D.W. Tracking of specific 
integrant clones in dogs treated with foamy virus vectors. Hum. Gene Ther. 2011, 22, 217-224. 

48. Joag, S.V. Primate models of AIDS. Microb. Infect. 2000, 2, 223-229. 

49. Schweizer, M.; Turek, R.; Hahn, H.; Schliephake, A.; Netzer, K.O.; Eder, G; Reinhardt, M.; 
Rethwilm, A.; Neumann-Haefelin, D. Markers of foamy virus infections in monkeys, apes, and 
accidentally infected humans: appropriate testing fails to confirm suspected foamy virus 
prevalence in humans. AIDS Res. Hum. Retroviruses 1995, 11, 161-170. 

50. Trobridge, G.D.; Wu, R.A.; Beard, B.C.; Chiu, S.Y.; Munoz, N.M.; von Laer, D.; Rossi, J.J.; 
Kiem, H.P. Protection of stem cell-derived lymphocytes in a primate AIDS gene therapy model 
after in vivo selection. PloS One 2009, 4, e7693. 

51. Beard, B.C.; Trobridge, G.D.; Ironside, C; McCune, J.S.; Adair, J.E.; Kiem, H.P. Efficient and 
stable MGMT-mediated selection of long-term repopulating stem cells in nonhuman primates. 
J. Clin. Invest. 2010, 120, 2345-2354. 

52. Horn, P. A.; Tani, K; Martin, U.; Niemann, H. Nonhuman primates: Embryonic stem cells and 
transgenesis. Clon. Stem Cell. 2006, 8, 124-129. 

53. Sasaki, E.; Suemizu, H.; Shimada, A.; Hanazawa, K; Oiwa, R.; Kamioka, M.; Tomioka, I.; 
Sotomaru, Y.; Hirakawa, R.; Eto, T.; Shiozawa, S.; Maeda, T.; Ito, M.; Ito, R.; Kito, C; 
Yagihashi, C; Kawai, K; Miyoshi, H.; Tanioka, Y.; Tamaoki, N.; Habu, S.; Okano, H.; 
Nomura, T. Generation of transgenic non-human primates with germline transmission. Nature 
2009, 459, 523-527. 

54. Wurm, M.; Schambach, A.; Lindemann, D.; Hanenberg, H.; Standker, L.; Forssmann, W.G.; 
Blasczyk, R.; Horn, P. A. The influence of semen-derived enhancer of virus infection on the 
efficiency of retroviral gene transfer. J. Gene Med. 2010, 12, 137-146. 

55. Vassilopoulos, G; Josephson, N.C.; Trobridge, G. Development of foamy virus vectors. 
Meth. Mol. Med. 2003, 76, 545-564. 

56. Donahue, R.E.; Sorrentino, B.P.; Hawley, R.G.; An, D.S.; Chen, I.S.; Wersto, R.P. Fibronectin 
fragment CH-296 inhibits apoptosis and enhances ex vivo gene transfer by murine retrovirus and 
human lentivirus vectors independent of viral tropism in nonhuman primate CD34+ cells. Mol. 
Ther. 2001, 3, 359-367. 



Viruses 2012, 4 



3588 



57. Horn, P. A.; Wurm, M.; Tani, K.; Lindemann, D.; Sasaki, E.; Blasczyk, R.; Hanenberg, H. 
Foamyvirus Vectors Efficiently Transduce Nonhuman Primate Hematopoietic and Embryonic 
Stem Cells. Tissue Antigens 2006, 67, 452. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http ://creativeco mmons. org/license s/by/3 . 0/) . 



